Construction of a phylogenetic tree from even a single gene is "hard" from the standpoint of algorithm theory ([@B12]), yet trees are now being inferred from entire transcriptomes ([@B56]) or genomes ([@B38]) at a scale up to a million times larger than this---across taxa as diverse in scope as land plants ([@B56]), viral epidemics ([@B57]), and cancer tumors ([@B61]). In addition to data set size, genomic data add complexities of annotation, orthology detection, and sequence alignment *upstream* of tree construction, and discordant gene trees caused by gene duplication, deep coalescence, and lateral transfer detected *downstream* of tree construction ([@B32]; [@B13]; [@B27]; [@B37]). Phylogenomic analysis pipelines have accordingly become parameter-rich mash-ups of diverse algorithms and toolkits ([@B34]; [@B56]; [@B38]; [@B42]; [@B61]). Moreover, although some of these upstream components contribute substantial information about genomes, they can also introduce their own biases into phylogenetic inference proper. For example, [@B65]) highlighted annotation errors in rice phylogenomics that introduced "block shifts" into multiple sequence alignments of genes. These affected the overall frequency spectrum of gene trees and the final species tree reconstruction. Recent methods that avoid annotation, alignment, and even assembly, by recoding genomes as sets of short $\documentclass[12pt]{minimal}
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The layout of the article is as follows. First, we describe the algorithm and its implementation details (reserving a full description of its relationship to existing methods for discussion). Next we describe simulation experiments designed to characterize the distribution of $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$k$\end{document}$-mer blocks that may be expected in genome-scale data sets, to predict properties of the resulting phylogenetic data sets. To complement this, we also examine the genomic context of $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$k$\end{document}$-mer blocks discovered in a well-annotated set of complete genome sequences for rice and its wild relatives in *Oryza*. Then, we examine the actual performance of the method in seven whole genome data sets at various levels of sequence divergence, by comparing results we obtain with published work for these taxa. This part is undertaken with supermatrix comparisons, which still provides a useful benchmark in the literature. However, we return to the discovery of gene tree discordance by examining collections of gene trees built from the *Oryza* data, and comparing the frequency distribution of discordant alternative trees inferred by our method compared to a more conventional approach using annotated and aligned genes. Finally, we consider limitations of the method and possible extensions.

MATERIALS AND METHODS {#SEC1}
=====================

Overview of Algorithm for Finding Homologous k-mer Blocks {#SEC1.1}
---------------------------------------------------------
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Implementation {#SEC1.2}
--------------

To scale this algorithm to gigabase genomes, running time and memory usage are both critical. To find the initial exact-matching $\documentclass[12pt]{minimal}
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Genomes may be input as a set of chromosomes, scaffolds, contigs, or other assembly units. The start and stop coordinates of each are maintained so that $\documentclass[12pt]{minimal}
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Here we define several terms to let us quantify properties of the data sets produced by building $\documentclass[12pt]{minimal}
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Low taxon coverage can induce "terraces" in phylogenetic inference, which are sets of trees with identical likelihood or parsimony scores ([@B49], [@B47]). For a given collection of $\documentclass[12pt]{minimal}
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\end{matrix}$$ ([@B48], theorem 2). Based on this idea, we define a third quantity, the *k-mer block differential* , $\documentclass[12pt]{minimal}
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Figure 3.Data use efficiency versus sequence divergence in simulations at differing levels of taxon coverage and mismatches. Squares: $\documentclass[12pt]{minimal}
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Figure 4.Log block differential, $\documentclass[12pt]{minimal}
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We used genome annotations for *Oryza* species (downloaded from the Gramene website: [ftp://ftp.ensemblgenomes.org/pub/plants/release-27/gff3/](http:ftp://ftp.ensemblgenomes.org/pub/plants/release-27/gff3/)) to identify the genomic context for each $\documentclass[12pt]{minimal}
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Phylogenomic Analyses of Seven Genome-Scale Data Sets {#SEC1.6}
-----------------------------------------------------

To gauge downstream performance of our algorithm in reconstructing species trees from genome data, we constructed seven genome data sets spanning different time depths in the tree of life, different classes of genomic data, and input sizes ranging from 31 million to 9.4 billion base pairs and from 8 to 663 taxa ([Table 1](#T1){ref-type="table"}). These included two plant organellar genome data sets, a whole transcriptome data set for the angiosperm order Caryophyllales, and four whole genome data sets, three from angiosperms and one from *Anopheles* mosquitoes. In our first analyses, we focused on comparing global supermatrices built from $\documentclass[12pt]{minimal}
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Genome sequences were input without any preprocessing. For each data set, a variety of parameter sets were examined to identify an optimal set of run conditions that would minimize paralogy, maximize data use efficiency, and minimize terrace problems ([Table 2](#T2){ref-type="table"}). The reverse complement option was used in all data sets except for the plastid genome data sets, where the (usual) presence of a large inverted repeat was frequently bypassed by the algorithm's protocol to avoid paralogy. Thus, ignoring reverse complements actually increased the amount of data extracted.
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Phylogenetic Tree Construction {#SEC1.7}
------------------------------
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Discovery and Characterization of Intra-genomic Discordance {#SEC1.8}
-----------------------------------------------------------

We constructed sets of gene trees in the *Oryza* data set by concatenating neighboring $\documentclass[12pt]{minimal}
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To compare these results to a benchmark, we inferred the same kind of consensus network for the 6015 gene trees assembled for the same taxa in Stein J.C. et al. (submitted for publication). That set comprised alignments of whole gene regions (introns, exons, and flanking gene sequence), aligned with PRANK ([@B30]), for which optimal trees were constructed using ML in GARLI ([@B64]), with short length branches collapsed into polytomies. We compared both the graph structure of the consensus network and the split frequencies along sets of parallel edges in the network ([Fig. 5](#F5){ref-type="fig"}).

Figure 5.Similarity of *Oryza* gene tree discordance patterns across the whole genome inferred using our $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$k$\end{document}$-mer block method versus conventional phylogenomic pipeline. Diagram is a consensus network of gene trees ([@B21]) (threshold $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$=$\end{document}$ 0.05), and has the same topology whether constructed from 1426 sets of 25 contiguous $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$k$\end{document}$-mer blocks or from trees inferred from alignments of 6015 annotated rice genes (Stein J.C. et al., submitted for publication). Branch lengths are labeled with pairs of support values obtained in the $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$k$\end{document}$-mer data set (left number) and phylogenomic data set (right), indicating the frequency of splits supported among the collection of gene trees.

Interchromosomal Transfers in Oryza {#SEC1.9}
-----------------------------------
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RESULTS {#SEC2}
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Distribution of k-mer Blocks: Simulation Results {#SEC2.1}
------------------------------------------------
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Phylogenomic Analyses of Seven Genome-Scale Data Sets {#SEC2.3}
-----------------------------------------------------

Running times to construct data sets for further phylogenetic analysis ranged from a few minutes to a few hours for the largest input. The latter required substantial memory ($\documentclass[12pt]{minimal}
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Data use efficiency ranged from 40% in the plastid genome analysis to 0.1% in the transcriptome data, but the number of $\documentclass[12pt]{minimal}
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Phylogenetic trees constructed by maximum likelihood methods using supermatrices of all $\documentclass[12pt]{minimal}
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}{}$k$\end{document}$-mer blocks in each data set recovered trees nearly identical to published trees in all seven data sets, including close agreement with bootstrap estimates of statistical significance of clades ([Supplementary Figs. 1--8](#sup1){ref-type="supplementary-material"} available on Dryad). The few exceptions were revealing. For example, a few placements of taxa in the eudicot whole genome tree ([Supplementary Fig. 7](#sup1){ref-type="supplementary-material"} available on Dryad) are at odds with widely cited relationships based largely on plastid genome data ([@B50]), but these apparent oddities are actually quite consistent with recent phylogenomic studies using nuclear or mitochrondrial data ([@B52]). See Appendix for full discussion of each case study.

Discovery and Characterization of Intragenomic Discordance {#SEC2.4}
----------------------------------------------------------

A high level of intragenomic phylogenetic discordance in the *Oryza* data, not detectable in the supermatrix analysis of all data ([Supplementary Fig. 4](#sup1){ref-type="supplementary-material"} available on Dryad), was easily detectable by pooling small contiguous sets of $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$k$\end{document}$-mer blocks to build local phylogenies of different genomic regions. The spectrum of 1426 local trees, each built from a concatenation of 25 neighboring $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$k$\end{document}$-mer blocks, was characterized using a consensus network ([Fig. 5](#F5){ref-type="fig"}; [@B21]), which indicated that most of this conflict is within the species group closest to *O. sativa*, especially involving the South American species *O.glumaepatula*, which is likely to have undergone extensive introgression (Stein J.C. et al., submitted for publication). The consensus network structure matches exactly the network derived from an independent set of 6015 gene trees constructed using conventional phylogenomic methods for the same taxa from the same raw genome sequence data (Stein J.C. et al., submitted for publication), and the frequency distribution of conflicting splits was very similar between the two ([Fig. 5](#F5){ref-type="fig"}).
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}{}$>250,000$\end{document}$ nt ([Supplementary Table 1](#sup1){ref-type="supplementary-material"} available on Dryad). In each case, despite genome sequence having been translocated to another chromosome in at least one species, the trees obtained from the orthologous regions on these different chromosomes were consistent with trees from genomic regions not exhibiting these transfers, mirroring in particular the discordant placement of *O. glumaepatula* seen in [Figure 5](#F5){ref-type="fig"} (see also [Supplementary Fig. 8](#sup1){ref-type="supplementary-material"} available on Dryad).

DISCUSSION {#SEC3}
==========

In this article, we developed and tested a method for quickly building phylogenetic data sets from whole genomes at large scale. The core of the method is the enumeration of $\documentclass[12pt]{minimal}
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Our approach to testing the performance of this method was two-fold: first, we used simulation together with highly annotated genome test data from *Oryza* to discover the properties of sets of $\documentclass[12pt]{minimal}
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Analyses of seven empirical studies suggested that the method works well over a range of phylogenomic scales at various time depths in the tree of life. To some extent this reflected trade-offs between average substitution rates in different kinds of genomes and the size of those genomes. Conserved plant mitochondrial and plastid genomes, for example, could be pushed to time depths of hundreds of millions of years, when combined with small mismatch allowances, $\documentclass[12pt]{minimal}
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We judged performance by comparing simple supermatrix data sets obtained by concatenating all $\documentclass[12pt]{minimal}
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}{}$k$\end{document}$-mers blocks. The very few areas of disagreement were almost all mirrored by alternative data sets and analyses found in the literature, especially those obtained from different genomes, such as plastid versus nuclear genome data sets for angiosperms ([@B50]; [@B52]). Taxon samples were different between our trees and trees from the literature. We opted to sample the largest sets of whole genome sequences currently in GenBank, rather than the exact sample from the article in the literature. This made comparisons using something like a tree--tree distance problematic, as we would have to delete many taxa unique to one or the other tree. The extensive exposition in the Appendix is meant to leverage our experience with some of these phylogenetic problems and provides a hopefully more interpretable and falsifiable set of conclusions about performance.

However, the results of supermatrix analyses in phylogenomics studies may well typically only reflect a "first order" approximation to the species phylogeny that is most accurate in regions of the tree in which biological sources of discordance such as incomplete lineage sorting are absent. To obtain a better, "second order" approximation it is now clear that reconstruction of individual gene trees, by which we mean any appropriately local region in a genome, is necessary. Numerous methods of inferring species trees from such gene trees are now available ([@B27]), but rather than examining such methods explicitly in these data sets, we focused on characterizing the discordance in the gene trees proper, as this is ultimately a key determinant of the species tree. We took a similar tack in phylogenomic analysis of data for the chromosome 3 short arm in *Oryza* ([@B65]) to understand the sources of biases in these gene tree discordance patterns. Moreover, in both that study and our more recent whole genome phylogenomic analysis of *Oryza* using conventional annotation/alignment pipelines (Stein J.C. et al., submitted for publication), supermatrix methods and species tree inference using gene trees as input returned the same results.

Because rice genome data exhibit widespread gene tree discordance ([@B63]; [@B9]; [@B60]; [@B65]; Stein J.C. et al., submitted for publication), we used it to test the power of our $\documentclass[12pt]{minimal}
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}{}$k$\end{document}$-mer block method to grapple with data sets having complex discordant signals, however, was well illustrated by examining patterns of interchromosomal transfer in *Oryza*. A few species of *Oryza* exhibit large numbers of regions on certain chromosomes that evidently are homologous to regions on different chromosomes in the remaining species. This complex pattern of homology (or conceivably assembly errors in some cases) is evident in pairwise global alignments of all chromosomes across *Oryza* (see Gramene rel. 50 at <http://www.gramene.org>), but how to exploit it has not been so clear. Runs of $\documentclass[12pt]{minimal}
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Relationship of hakmer to Other Methods {#SEC3.1}
---------------------------------------

Our method uses some techniques found in previous work, including especially the use of approximate $\documentclass[12pt]{minimal}
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*Hakmer* is similar to kSNP in certain respects ([@B14]; [@B15]). Their method is aimed at SNP detection for phylogenetic reconstruction and other problems. It finds $\documentclass[12pt]{minimal}
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}{}$k$\end{document}$ to be set large enough to essentially guarantee a single match per genome, while also allowing more than just a single mismatch in the extended block, and including additional flanking regions for additional phylogenetic information. kSNP uses MUMmer's suffix tree data structures ([@B23]) to find additional matches among genomes, which requires more memory than our suffix array to index positions of matches across all genomes without any speed improvement ([@B26]).

[@B6]) reviewed the performance of several pairwise distance methods, which use functions of the number of exact $\documentclass[12pt]{minimal}
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Not all pairwise distance methods require $\documentclass[12pt]{minimal}
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}{}$q$\end{document}$ mismatches. They implemented this with an "extended" suffix array data structure. [@B17]) compute pairwise distances by finding two anchor points between two genomes, where an anchor is a maximal exact match found in both genomes. They then use the ungapped alignment between anchors to compute a corrected distance measure.

Several methods use unassembled short read sequence data aligned to reference genomes to build alignments and then trees. [@B4]) criticized potential biases of some such methods that align reads to a single reference genome, which they attempt to correct by identifying SNPs from reads mapped to several reference genomes simultaneously. These approaches require computationally relatively expensive short read aligners at their core, which limits scalability. Moreover, avoiding paralogous sequences in the same genome is fundamentally difficult in unassembled data, and [@B4]) try to limit this by a weighting scheme based on how aligned reads map to multiple places in reference genomes. To achieve the level of performance seen in large genome data sets, we found it necessary to work with assembled genomes with *hakmer*.

Limitations, Extensions, and Prospects {#SEC3.2}
--------------------------------------

Our method is designed to gain a rapid and accurate phylogenetic foothold in large and complex genomic data sets across taxa at moderate levels of sequence divergence. It is not ideal when sequence divergence is so large that there are few $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$k$\end{document}$-mers shared by a substantial fraction of taxa and/or flanking regions are so diverged that they require formal multiple alignment algorithms. By the same token, in deep phylogenies there may well be issues with composition bias or saturation that require careful model fitting that may be degraded by having samples of short stretches of the genome rather than long aligned blocks. Nor is our method *necessary* when taxa are so closely related that very long stretches of exact matches are frequent between genomes (much longer than our $\documentclass[12pt]{minimal}
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Several possible strategies may increase the domain of reasonable problem instances for this method. Increasing $\documentclass[12pt]{minimal}
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In general, sets of genomes are mixtures of less and more conserved regions, so our analyses based on $\documentclass[12pt]{minimal}
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}{}$k$\end{document}$-mer matches preferentially extracts a subset of these genomes, the properties of which might be biased with respect to phylogenetic inference. This sort of ascertainment bias seems much more likely to affect inferences derived from branch lengths or associated with rates, including coalescent-based species tree inference perhaps, than it does simple gene tree topology reconstruction ([@B8]), but this remains to be investigated for our method.

To fully exploit the power of species tree inference methods that allow gene tree discordance, we expect that pooling of nearby $\documentclass[12pt]{minimal}
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}{}$k$\end{document}$-mer blocks present on the average scaffold for pooling. This was not a problem in the *Oryza* or *Anopheles* data sets, which have large N50 values, but would have been more problematic in the other whole genome data sets having more heterogeneity in assembly quality, and certainly in the transcriptome data set, which is intrinsically limited in the length of its assembly unit by the size of a transcript. The same remedies for high sequence divergence described above can be helpful to reduce the average distance between blocks, by increasing the number of blocks discovered per unit coordinate distance.

In conclusion, our experience with this $\documentclass[12pt]{minimal}
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}{}$k$\end{document}$-mer based phylogenomic approach on real data sets suggests that it is a rapid and effective way to tease apart not just the primary phylogenetic signal one would obtain from more conventional supermatrix analyses but also more nuanced signals arising from discordant histories in the genomes. Though both simulations and empirical analyses suggest it ultimately is limited by sequence divergence, the phylogenetic scope of its applicability appears to be quite broad. In plant data sets, it provided useful results for nuclear genome data to depths of 50--100 Ma and for slower evolving plastid and mitochondrial genomes back to the origin of angiosperms and land plants at 140/450 Ma, respectively. The method offers dramatically increased speed, reproducibility, and simplicity of data analysis, but it is not without cost. Only further experience will demonstrate whether this kind of high-throughput phylogenomics can be applied sufficiently broadly in the tree of life (and with sufficient accuracy) to compete with more exhaustive conventional approaches.
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Appendix: Detailed Results of Phylogenomic Analyses of Seven Data Sets {#SECA}
======================================================================

Land plants: mitochondrial genomes. {#SECA1}
-----------------------------------

Our bootstrap tree ([Supplementary Fig. 1](#sup1){ref-type="supplementary-material"} available on Dryad) for 87 taxa has areas of strong and weak support. We can compare it to the 41-gene mitochondrial analysis of [@B29]), by pruning our tree to the taxa found in theirs. Only two differences emerged. In their tree, *Oryza* is one nearest neighbor interchange (NNI) closer to *Triticum*, and in their tree the hornworts are sister to vascular plants, whereas in ours hornworts are sister to mosses, albeit with weak support. The uncertain position of hornworts figured prominently in [@B29]) arguments for the need to compensate for convergent base compositional shifts causing conflicting phylogenetic signals in the deeper part of land plant phylogeny (cf. their figure 1). In an analysis of 17 chloroplast genes primarily for bryophytes, [@B7]) agreed with the remaining relationships within the mosses indicated by our tree, although they also found the hornworts sister to vascular plants.

Within angiosperms, there are two areas of poor to medium support in our tree. The first is associated with the position of *Vaccinium macrocarpon*, which although is near its traditionally accepted place as sister to the rest of the asterids ([@B50]) in our tree, it is in a polytomy. In the RAxML optimal tree (data not shown), it is found on a short branch within that clade, as sister to our representatives from Asterales (*Helianthus* and *Daucus*). A more surprising outlier is the aberrant position of the clubmoss *Selaginella*, which should be sister to the other clubmoss in our sample, *Huperzia*. Instead, in our bootstrap tree, it is in a polytomy with asterid and rosid angiosperms. More precisely, in the RAxML optimal tree (data not shown), it is nested within the genus *Cucumis* (cucumber). Bootstrap support in this entire area of the tree is low, suggesting that *Selaginella* is behaving as a "rogue taxon" ([@B1]), which is also supported by the fact that it is present in very few $\documentclass[12pt]{minimal}
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}{}$k$\end{document}$-mer blocks, indicating low homology with other genomes in our data set. Because it hits with 99% identity (and 84% overlap) to the *Selaginella* chloroplast genome, it may be a scaffold mistakenly annotated as mitochondrial when it is in fact plastid ([@B3]). The cucumber sample (GenBank accession NC_016004.1) with which this problematic *Selaginella* genome grouped in the optimal tree is also unusual, as it is from a second mitochondrial chromosome found in that species. It also has few $\documentclass[12pt]{minimal}
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Like our tree based on nuclear genomes of eudicots ([Supplementary Fig. 7](#sup1){ref-type="supplementary-material"} available on Dryad), our mitochondrial genome tree weakly suggests *Vitis* is outside asterids $\documentclass[12pt]{minimal}
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}{}$+$\end{document}$ rosids and that the "Celastrales--Oxalidales--Malpighiales" (COM) clade (represented here only by *Ricinus*) is again closer to malvids than to rosids (see below for further discussion).

Angiosperms: plastid genomes. {#SECA2}
-----------------------------

Our tree ([Supplementary Fig. 2](#sup1){ref-type="supplementary-material"} available on Dryad) for 663 taxa had strong support throughout. Major relationships along the backbone, as well as among the approximately 42 orders represented, were nearly identical to those in recently published phylogenies derived from multiple genomic compartments ([@B50]) or from plastid genomes ([@B45]) with fewer taxa. Exceptions include that our tree placed *Ceratophyllum* as sister to the monocots with weak support, instead of sister to eudicots ([@B35]; [@B50]; [@B45]), although support for that placement in other studies is also generally weak and sensitive to the data partitioning scheme ([@B35]; [@B45]). Our only sample from Pandanales, the mycoheterotrophic *Sciaphila densiflora*, was on a very long branch in the RAxML optimal ML tree (data not shown) and placed in a polytomy with Asparagales and the commelinid clade. *Sciaphila* was also found on a long branch in the original analysis associated with the publication of its highly unusual reduced plastid genome, which is only 21 kbp in length ([@B24]). The only other significant departure from previous published phylogenies is for *Cypripedium macranthos* (Orchidaceae). Unlike the other two members of this genus represented in our tree, this taxon is grouped outside the orchids (but still within the Asparagales), with *Eustrephus* (Asparagaceae). A megablast search against GenBank's nucleotide database shows equally good hits to members of Arecaceae, Bromeliaceae, and Asparagaceae with $\documentclass[12pt]{minimal}
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}{}${\sim}93%$\end{document}$ its length, and it has been found on a long branch in previous trees ([@B31]). Our other plastid genomes from *Cypripedium* all hit to members of Orchidaceae in BLAST searches, indicating that the plastid genome for *C. macranthos* is an outlier. A handful of other genera were not monophyletic in our bootstrap tree, but in each case a few NNI moves would restore monophyly. Plastid genome evolution is so slow that it is rarely used for species-level relationships within genera; it is certainly possible that whole plastid genomes sampled via $\documentclass[12pt]{minimal}
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Caryophyllales: transcriptomes. {#SECA3}
-------------------------------

Our bootstrap tree of 67 taxa ([Supplementary Fig. 3](#sup1){ref-type="supplementary-material"} available on Dryad) was fully resolved and all but six clades were supported $\documentclass[12pt]{minimal}
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}{}$>$\end{document}$ 90% (most 100%). This tree agreed with that of [@B58]: their figure S1) at every node but one, this involving a simple NNI within the genus involving *Portulaca cryptopetala* within *Portulaca*. Yang et al.'s analysis was based on 1122 putative orthologous loci identified from the set of all transcriptomes.

Oryza: whole genomes. {#SECA4}
---------------------

Our bootstrap tree ([Supplementary Fig. 4](#sup1){ref-type="supplementary-material"} available on Dryad) for 10 species of *Oryza* and the outgroup *Leersia* is identical to that obtained by Stein J.C. et al. (submitted for publication) for the same species, including the 100% bootstrap support estimates at each node of the tree. Stein et al. used 6015 single copy orthologous genes across all 12 chromosomes. They obtained the same tree whether using a supermatrix of all loci, or the MP-EST species tree inference method ([@B28]), which uses the set of gene trees as input instead and optimizes across gene tree coalescent histories. Our tree also agrees with a considerably smaller analysis ([@B65]) of 473 genes obtained from the short arm of chromosome 3, except that in their tree *O. rufipogon* is switched from the sister group of *O. sativa* to be the sister group of *O. nivara* and *O. indica*. They obtained the same results with concatenation and species tree inference methods.

Anopheles: whole genomes. {#SECA5}
-------------------------

Our bootstrap tree ([Supplementary Fig. 5](#sup1){ref-type="supplementary-material"} available on Dryad) was fully resolved with 100% support at each node. We compared our tree with two recently published genome-scale phylogenomic studies of *Anopheles*: [@B38]), which has a broad sample across the genus with outgroups, and [@B13]), which focuses on the *A. gambiae* complex. [@B38]) identified 1085 "relaxed" single copy orthologs and estimated trees using concatenated amino acid sequences and a PROTGAMMAJTT model. Our tree agrees with theirs (their figures 1 and S4) except within the *A. gambiae* complex, where our tree is resolved but theirs is not. They did not report bootstrap values, but all of ours were 100%. [@B13]) inferred a complex phylogenetic history within the *A. gambiae* complex in which whole genome trees disagreed with inferences from the X chromosome alone (they argued the latter were more accurate). Our tree agrees with their whole genome tree (their figure S17), except in their tree *A. melas* is the sister group of *A. merus*. Their support values were 100% at each node. On the other hand, our tree was identical to their X chromosome tree with respect to these two species, but disagreed with respect to the position of *A. gambiae* within the complex (in accord with the disagreement they observed between autosomes and the X chromosome).

Fabaceae: whole genomes. {#SECA6}
------------------------

Our bootstrap tree ([Supplementary Fig. 6](#sup1){ref-type="supplementary-material"} available on Dryad) was fully resolved with 100% support at each node. No whole genome trees have been published for Fabaceae, so we compared our tree with the three-gene taxon-rich analysis of the family presented in [@B5]). Our tree agrees with that tree at each node. Whether *Lupinus* or *Arachis* is the correct outgroup (or both are) is unclear, requiring further taxa to be sampled for resolution. Our tree also agrees with the large plastid-genome-based phylogenomic tree described above ([Supplementary Fig. 2](#sup1){ref-type="supplementary-material"} available on Dryad). In that tree *Lupinus* and *Arachis* are sister groups, jointly acting as outgroups to the remaining six taxa in our whole genome tree.

Eudicots: whole genomes. {#SECA7}
------------------------

Our bootstrap tree for 24 taxa ([Supplementary Fig. 7](#sup1){ref-type="supplementary-material"} available on Dryad) has only two nodes with less than 90% bootstrap support. Comparisons to previously published phylogenies suggest agreement within relatively closely related clades, such as Brassicaceae ([@B19]), but possible disagreement in the placement of three leaf taxa (*Vitis, Cucumis*, and *Eucalyptus*) as well as the position of the COM clade, represented here by Euphorbiaceae (*Riccinus, Manihot*), Salicaceae (*Populus*), and Linaceae (*Linum*). [@B50]), in a combined analysis of 17 nuclear-ribosomal, mitochondrial, and chloroplast genes, found strong support for the placement of Vitaceae (*Vitis*) as sister to the Rosid clade (sister to all but *Solanum* and *Mimulus* in our analysis, after rooting on *Aquilegia*; one NNI move on our tree). However, placement of *Vitis*, and the support for that placement, varies across trees generated using nuclear nonribosomal data ([@B59]), mitochondrial data ([@B62]), and chloroplast data ([@B52]). In another discrepancy with the large 17-gene combined analysis ([@B50]), we found support for *Cucumis* (Cucurbitaceae) to be phylogenetically closer to Fabales than to Rosales. This placement (again, one NNI move away on our tree) is consistent with the five-gene nuclear data set ([@B59]) and some cpDNA analyses ([@B52]). Similarly, mitochondrial data ([@B62]; [@B52]) and nuclear data ([@B59]), reanalyzed in [@B52]), support our unexpected position of Myrtales (*Eucalyptus*) as sister to the rest of the rosids. Our most substantial discrepancy involves the COM clade, which has been considered part of the fabids ([@B50]), but our analysis provides strong support for its placement closer to the malvids. However, [@B52]) reanalyzed several data sets to elucidate relationships among the fabid, malvid, and COM clades, and also found strong support from the mitochondrial and nuclear genomes for this placement. In all of these cases, the previously accepted phylogenetic placement was almost entirely derived from chloroplast data, whereas our results are consistent with at least some nuclear and mitochondrial genome analyses.

[^1]: *Associate Editor: Vincent Savolainen*

[^2]: $\documentclass[12pt]{minimal}
    \usepackage{amsmath}
    \usepackage{wasysym} 
    \usepackage{amsfonts} 
    \usepackage{amssymb} 
    \usepackage{amsbsy}
    \usepackage{upgreek}
    \usepackage{mathrsfs}
    \setlength{\oddsidemargin}{-69pt}
    \begin{document}
    }{}$^{\mathrm{a}}$\end{document}$ That is, genomes, chromosomes, scaffolds, contigs, treated as disjoint assembly units; $\documentclass[12pt]{minimal}
    \usepackage{amsmath}
    \usepackage{wasysym} 
    \usepackage{amsfonts} 
    \usepackage{amssymb} 
    \usepackage{amsbsy}
    \usepackage{upgreek}
    \usepackage{mathrsfs}
    \setlength{\oddsidemargin}{-69pt}
    \begin{document}
    }{}$^{\mathrm{b}}$\end{document}$ages from [@B46]), $\documentclass[12pt]{minimal}
    \usepackage{amsmath}
    \usepackage{wasysym} 
    \usepackage{amsfonts} 
    \usepackage{amssymb} 
    \usepackage{amsbsy}
    \usepackage{upgreek}
    \usepackage{mathrsfs}
    \setlength{\oddsidemargin}{-69pt}
    \begin{document}
    }{}$^{\mathrm{c}}$\end{document}$[@B33]), $\documentclass[12pt]{minimal}
    \usepackage{amsmath}
    \usepackage{wasysym} 
    \usepackage{amsfonts} 
    \usepackage{amssymb} 
    \usepackage{amsbsy}
    \usepackage{upgreek}
    \usepackage{mathrsfs}
    \setlength{\oddsidemargin}{-69pt}
    \begin{document}
    }{}$^{\mathrm{d}}$\end{document}$[@B53]), $\documentclass[12pt]{minimal}
    \usepackage{amsmath}
    \usepackage{wasysym} 
    \usepackage{amsfonts} 
    \usepackage{amssymb} 
    \usepackage{amsbsy}
    \usepackage{upgreek}
    \usepackage{mathrsfs}
    \setlength{\oddsidemargin}{-69pt}
    \begin{document}
    }{}$^{\mathrm{e}}$\end{document}$[@B38]), and $\documentclass[12pt]{minimal}
    \usepackage{amsmath}
    \usepackage{wasysym} 
    \usepackage{amsfonts} 
    \usepackage{amssymb} 
    \usepackage{amsbsy}
    \usepackage{upgreek}
    \usepackage{mathrsfs}
    \setlength{\oddsidemargin}{-69pt}
    \begin{document}
    }{}$^{\mathrm{f}}$\end{document}$[@B25]).

[^3]: $\documentclass[12pt]{minimal}
    \usepackage{amsmath}
    \usepackage{wasysym} 
    \usepackage{amsfonts} 
    \usepackage{amssymb} 
    \usepackage{amsbsy}
    \usepackage{upgreek}
    \usepackage{mathrsfs}
    \setlength{\oddsidemargin}{-69pt}
    \begin{document}
    }{}$^{\mathrm{a}}$\end{document}$Index indicates the numeral in the supermatrix file name corresponding to this run and these parameters (see Supplementary Materials available on Dryad); $\documentclass[12pt]{minimal}
    \usepackage{amsmath}
    \usepackage{wasysym} 
    \usepackage{amsfonts} 
    \usepackage{amssymb} 
    \usepackage{amsbsy}
    \usepackage{upgreek}
    \usepackage{mathrsfs}
    \setlength{\oddsidemargin}{-69pt}
    \begin{document}
    }{}$^{\mathrm{b}}$\end{document}$Undefined, because $\documentclass[12pt]{minimal}
    \usepackage{amsmath}
    \usepackage{wasysym} 
    \usepackage{amsfonts} 
    \usepackage{amssymb} 
    \usepackage{amsbsy}
    \usepackage{upgreek}
    \usepackage{mathrsfs}
    \setlength{\oddsidemargin}{-69pt}
    \begin{document}
    }{}$\rho = 1.0$\end{document}$.
